Exploring Macroscopic Entanglement with a Single Photon and Coherent States 
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Entanglement between macroscopically populated states can easily be created by combining a 
single photon and a bright coherent state on a beam-splitter. Motivated by the simplicity of this 
technique, we report on a method using displacement operations in the phase space and basic photon 
detections to reveal such an entanglement. We demonstrate through preliminary experimental 
results, that this eminently feasible approach provides an attractive way for exploring entanglement 
at various scales, ranging from one to a thousand photons. This offers an instructive viewpoint to 
gain insight into the reasons that make it hard to observe quantum features in our macroscopic 
world. 



Introduction Why do we not easily observe entan- 
glement between macroscopically populated (macro) 
systems? Decoherence is widely accepted as being 
responsible pQ. Loss or any other form of interac- 
tions with the surroundings more and more rapidly 
destroys the quantum features of physical systems 
as their size increases. Technologically demanding 
experiments, involving Rydberg atoms interacting with 
the electromagnetic field of a high-finess cavity [2] or 
superconducting devices cooled down to a few tens of 
mK [3], have strengthened this idea. 

Measurement precision is likely another issue [4]. In 
a recent experiment [5 j, a phase covariant doner has 
been used to produce tens thousand clones of a single 
photon belonging initially to an entangled pair. In the 
absence of loss, this leads to a micro-macro entangled 
state [6]. Nobody knows however, how the entanglement 
degrades with a lossy amplification [7]. This led to a 
lively debate [8] concerning the presence of entanglement 
in the experiment reported in Ref. [5]. What is known 
is that under moderate coarse grained measurements, 
the micro-macro entanglement resulting from a lossless 
amplification leads to a probability distribution of 
results that is very close to the one coming from a 
separable micro-macro state [9] . This suggests that even 
if a macro system could be perfectly isolated from its 
environment, its quantum nature would require very 
precise measurements to be observed. 

Both for practical considerations and from a concep- 
tual point of view, it is of great interest to look for 
ways as simple as possible to generate and measure 
macro entanglement, so that the effects of decoherence 
processes and the requirements on the measurements 
can all be studied together. In this letter, we focus on 
an approach based on linear optics only, where a single 
photon and a coherent state are combined on a mere 
beam-splitter. The resulting path-entangled state [10] 
allows one to easily explore entanglement over various 
photon number scales, spanning from the micro to the 



macro domain, by simply tuning the intensity of the 
laser producing the input coherent state. We show that 
the entanglement is more and more sensitive to phase 
fluctuations between the paths when it grows. However, 
it features surprising robustness against loss, making it 
well suited to travel over long distances and to be stored 
in atomic ensembles. We further present a simple and 
natural method relying on local displacement operations 
in the phase-space and basic photon detections to reveal 
this entanglement. Our analysis shows that the precision 
of the proposed measurement is connected to the limited 
ability to control the phase of the local oscillator that is 
used to perform the phase-space displacements. We also 
report on preliminary experimental results demonstrat- 
ing that entanglement containing more than a thousand 
photons could be created and measured with currently 
available technologies. 

Creating macro entanglement by combining a single 
photon with a bright coherent state on a beam-splitter 
A particularly simple way of generating entanglement is 
to use a beam-splitter. Consider a single photon sent 
through a 50:50 beam-splitter. It occupies the two output 
modes A and B with the same probability and creates a 
simple form of entanglement between spatial modes (path 
entanglement) 

^(|1)a|0) b -|0)a|1)b) (1) 

known as single-photon entanglement [11]. In fact, any 
product input state of the form Pa®\P){P\bi where \ j3) is 
a coherent state, leads to entanglement after the beam- 
splitter if and only if pA is nonclassical p~2j [13], i.e. it 
cannot be written as a mixture of coherent states [14]. 
Thus, a mere beam-splitter links two fundamental con- 
cepts of quantum physics: non-classicality and entangle- 
ment. It also provides an attractive way for bringing 
entanglement to macroscopic level, as explained below. 

Let us focus on the case where the beam-splitter inputs 
are a single photon |1) and a coherent state with 2\a\ 2 
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FIG. 1: Creation and detection of macro entanglement by 
combining a single photon Fock state |1) and a coherent state 
\V2a) on a 50:50 beam-splitter. 



photons on average (see Fig. [T]) 

l^in) = a^\0) A ®D b (V2a)\0) B . 



(2) 



D b (V2a) = e ^(^-a*b) ig the displacement operator 
generating a coherent state \ V2a) from vacuum (in mode 
B), a and b are bosonic annihilation operators associated 
with modes A and B, respectively. A 50:50 beam-splitter 
transforms (a, b) into ((a — b)y/2, (a + b)/y/2). Since a and 
b commute, the output state reads 
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The structure of this state is very simple and follows 
from displacement of the single-photon entanglement. 
Nevertheless, it possesses intriguing properties. It 
corresponds to a non-Gaussian state which describes the 
entanglement of two modes, each being individually a 
mixture of classical and quantum states. The average 
number of photons 2\a\ 2 + 1 can be easily adjusted, by 
varying the amplitude of the initial coherent state. This 
allows for the exploration of entanglement at various 
scales ranging from a single photon to macroscopic 
photon number. Last but not least it is amazingly 
robust against loss, as we now show. 

Robustness with respect to transmission loss. In 
general, entanglement is seen to be increasingly fragile 
to transmission loss as its size increases. The coherent 
state entanglement |a)^|a)s + | — ol)a\ — a )B [IS] 
provides a good example. If the mode B is subjected 
to loss (modeled by a beam-splitter with transmission 
coefficient rjt) the amount of entanglement, measured 
by the negativity (see p~6j [T7] for definition), decreases 
exponentially Af = ie -2 ^ 1-77 *^"' with the size \a\ 2 and 
loss 1 — rjt [H]. In comparison, the state ^ exhibits a 
surprising robustness. Under the assumption that the 
mode B undergoes loss, |Vwt) becomes a statistical mix- 
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and D a (a)D b (^/rj;a)\0) A \0)B with weights and 
— j^ 1 , respectively. After applying local displacements 
D a (— ot) and D b (— y/rfta) to modes A and £?, one finds 
that the negativity of the resulting state is given by 



J\f = Since the entanglement cannot increase through 
local operations, this provides a lower bound for the 
entanglement before the displacements, i.e. between 
the macroscopically populated modes. Therefore, the 
amount of entanglement in IVwt) decays (at worst) 
linearly with loss, independently of its size. This ro- 
bustness may be understood in the light of the intimate 
link between non-classicality and entanglement at a 
beam-splitter, as mentioned before. Indeed, loss, that is 
modeled by a beam-splitter, can be seen as an interaction 
process that entangles the non-classical states and the 
environment. However, the displacement is a classical 
operation that does not promote the entanglement of 
a given quantum system with its environment when 
it is amplified (D b (a) — >• D b (y/fja) D B (y/^ — rja)). The 
robustness of the state ([3| makes it well suited for 
storage in atomic medium, for example. Entanglement 
between two ensembles containing each a macroscopic 
number of atoms, has been successfully created by 
mapping a single-photon entanglement into two atomic 
ensembles p~9j [20 j . The storage of the displaced single- 
photon entanglement |Vwt) would lead to a similar 
entanglement in terms of the number of ebits, but it 
would contain a macroscopic number of excited atoms. 

Robustness with respect to coupling inefficiency. 
The starting point in our scheme is the creation of 
a single photon. It is thus natural to ask how the 
resulting macro entanglement degrades when the single 
photon is subjected to loss (i.e. loss before the 50:50 
beam-splitter). For comparison consider for example, 
micro-macro entanglement obtained by amplifying 
one photon of an entangled pair [6] with an optimal 
universal doner [21]. Such entanglement can be revealed 
even if the amplification is followed by arbitrarily large 
loss [22 . Nonetheless, the state becomes separable 
as soon as the overall coupling efficiency r] c before 
the doner is lower than ^pj, n being the average 
number of photons in the macro component [22 . On 
the other hand, one can show following the lines pre- 
sented in the previous paragraph, that the negativity 
of the displaced single-photon entanglement scales like 

M=-\{l-r lc - ^1 - 2(1 - V c)Vc) « f + 0(4) > 
where r] c stands for the coupling efficiency of the input 
single photon. The robustness with respect to the 
coupling inefficiency confers to the proposed scheme a 
great practical advantage over the one based on the 
universal doner. 

Robustness with respect to phase instabilities. 
Another decoherence process for path entangle- 
ment is associated with the relative phase fluctu- 
ations, due to e.g. vibrations and thermal fluc- 
tuations. If the two optical paths correspond- 
ing to A and B acquire a phase difference y?, 
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the displaced single-photon entanglement becomes 
NCt> = ^(D a (ae^)e^\l) A \a) B - |e*a) A D 6 (a)|l) B ). 
Furthermore, if ip varies from trial to trial, the state 
IV ; out)(V ; outl has to De averaged over cp with the probabil- 
ity distribution p(ip) associated to the phase noise. The 
question of the sensibility of the displaced single-photon 
entanglement with respect to phase instability thus 
reduces to a measure of the entanglement contained 
in Pout = J^P(^)l^out)(^outl- The negativity of this 
state can easily be obtained numerically by projecting 
p ou t into a finite dimensional Hilbert space (see solid 
lines in Fig. 2 for a Gaussian probability distribution 
p(ip) with variance Sep). To derive an analytical lower 
bound on the negativity of this state, we first notice that 
for any density matrix p and any vector \v) the following 
inequality holds (v\p F \v) > Xmin > — A/" p , where T 
denotes partial transposition and X m in is the smallest 
eigenvalue of p r . For the state ([3]), where p{<p) = 5(0), 
it is easy to verify that the vector \v) saturating the 
inequality is ^D a (a)Db(a)(|0)|0) — 11)|1)). For a general 
Pout, it is not optimal, however it provides a lower bound 
for the estimation of M. We find Afp out (Sep, \a\ 2 ) > 

C / \ p~ (2 — cos ip) / n / / \\ \ / l 

J d(pp{(p)- 2 \ a (1 — cos(2(/9j) — cosip) (the 

dashed lines in Fig. 2 is obtained by performing the 
integral numerically for a Gaussian probability distribu- 
tion). For a Gaussian probability distribution p((p) with 
variance Sip, the lower bound can be approximated by 
— 3- (see dot-dashed lines in Fig. 2) |23|. Fig. 2 

4(l+2M 2 cV)2 

reveals what is expected from a macroscopic quantum 
state: the larger the size 2|a| 2 + 1 of the state is, the 
more it becomes sensitive to phase noise. 
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FIG. 2: Behavior of the negativity of the state p ou t as 
the function of the phase noise variance (rad) for various 
\a\ 2 = {1,10,100} (from top to bottom). The full line is 
the numerical calculation, the dashed line is a semi-analytical 
bound, and the dot-dashed line is a fully analytical. (See the 
main text for details.) 

Revealing displaced single-photon entanglement. So 
far, we have discussed the properties of the displaced 
single-photon entanglement. We now present a simple 



way to reveal it. The basic idea is to displace each of 
the electromagnetic fields describing the modes A and 
B by —a. Such a displacement in the phase space can 
be easily performed by mixing the mode to be displaced 
with an auxiliary strong coherent field (labelled as the 
local oscillator in the following) on a highly unbalanced 
beam-splitter [25], in a manner similar to homodyne 
measurements. Since D a (— a) = D a (a) _1 , the modes 
A and B ideally end up in the state ([!]), which can 
be revealed by tomography using single photon detectors. 

In particular, the approach developed in Ref. [26] 
does not require a full tomography after the local 
displacements. It gives a lower bound on the en- 
tanglement between the modes A and B from the 
estimation of the entanglement contained in the two- 
qubit subspace {|00), |01), |11), |10).}. More precisely, 
the concurrence C of the detected fields is bounded by 
C > max{0, V(poi + P10) - Z^PooPn} EU, where V is 
the visibility of the interference obtained by recombining 
the modes A and B on a 50:50 beam-splitter, and the 
coefficients p mn are the probabilities of detecting m 
photons in A and n in B. This tomographic approach for 
characterizing single-photon entanglement is attractive 
in practice and already triggered highly successful 
experiments, demonstrating e.g. heralded entanglement 
between atomic ensembles [19, 20 , 26428]. 

Note that the statistical fluctuations in the phase of 
local oscillators that are used to perform the displace- 
ments, limit the precision of the measurement process. 
Under the assumption that the two local displace- 
ments D a (— a), Dfr(— a) are performed with a common 
local oscillator, the measured state is of the form 
/ d^)D a (-ae^)D 6 (-ae^)poutDi(-ae^)Dj(-ae^) 
where p((p) stands for the phase noise distribution and 
Pout = |VWt)(VWt|. Let V be the visibility of the 
interference that characterizes the phase stability of the 
local oscillator. One can show that for small imperfec- 
tions e = (1 — V) <C 1, the concurrence is bounded by 
C > max{0, 1 — 10(1 — V")|a| 2 }. The necessary precision 
of the measurement thus scales as - = , n } , 2 . This 

e 10|ap 

result strengthens the idea that precise measurements 
are generally essential for revealing quantum properties 
of macro systems. 

Proposed experiment We now address the question of 
the experimental feasibility in detail. For concreteness, 
we focus on a realization of the single photon source from 
a pair source based on spontaneous parametric down con- 
version, the detection of one photon heralding the pro- 
duction of its twin. Filtering techniques must be used so 
that the spectrum of the heralded photon can be made 
indistinguishable from the one of a coherent state pro- 
duced by a laser. Let n c be the coupling efficiency of the 
single photon, n t be the global detection efficiency, in- 
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eluding the transmission from the 50:50 beam-splitter to 
the detector, as before. For small heralding efficiency and 
if the parametric process is weakly pumped so that the 
success probability for the emission of one photon pair is 
small, one can show that the concurrence is bounded by 
C > max{0, 77-2^277(1 -r])^/er] t \a\ 2 -2(2^3r])er] t \a\ 2 }. 
Here rj = r\ c r\ t and e = 1 — V where V is the interfero- 
metric visibility that characterizes the phase stability of 
A, B and the local oscillator (we assume that the modes 
have independent phase fluctuations with the same vari- 
ance). To know the value of the visibility that can be 
obtained in practice, we built a balanced Mach-Zehnder 
interferometer (See Fig. |3|. Using an active stabilization 
(see supplemental material) , we have obtained a visibility 
of V = 99.996 ± 0.001%. Assuming a coupling efficiency 
T] c = 50% and a detection efficiency rjt — 60%, the con- 
currence remains positive (C ~ 0.01) for \a\ = 28. This 
translates into entanglement populated by more than 
(2|a| 2 + 1) = 1500 photons. 
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FIG. 3: (a) Setup to measure the interference visibility. A 
balanced Mach-Zehnder interferometer made with two 50/50 
beam-splitters (BS) is locked using a tunable "locking laser" . 
The locking detector's signal is feed into a locking circuit driv- 
ing a piezo controlling the length of one of the arms. By 
tuning its wavelength, the phase of the interferometer can be 
tuned continuously. The quality of the interference can be 
probed using a "probe laser" whose wavelength is fixed, (b) 
Measured power (in dBm) at the "probe detector" as function 
of time. The interferometer's phase was first locked to yield 
destructive interference for the probe laser for 10 minutes, 
and then was locked to constructive interference for 8 min- 
utes. The measured interference visibility is 99.996 db 0.001%. 



Conclusion We have presented a scheme for creating 
and revealing macroscopic entanglement with a single 
photon, coherent states and linear optical elements. The 
simplicity of our proposal is conceptually remarkable 
but it naturally raises the question: is the resulting state 
macroscopic? We have shown through experimental 
results that the entangled state that could be obtained 
with currently available technologies would involve a 
large enough number of photons to be seen with the 
naked eyes [29]. This makes our approach satisfactory 
if macroscopicness is a notion related to the size. 
Although our study showed that the resulting state 
features an unexpected robustness against loss, we have 
shown that it is also more and more fragile under phase 
disturbance when its size increases. Our approach is 
thus also satisfactory if macroscopic means sensitive to 
decoherence and highlights the complexity of possible 
interactions between a given quantum system and its 
surroundings. We have also seen that the precision of 
the measurement that is required to reveal the quantum 
nature of the produced state increases with its size. This 
also makes our scheme satisfactory if macroscopicness is 
related to the requirement on the measurement preci- 
sion. Note finally, that in opposition to bright two-mode 
squeezed states, the present entanglement has one ebit, 
independently of its size. Are squeezed states more 
macroscopic? What we know is that such entanglement 
can be detected from quadrature measurements using 
the Duan criterium, as nicely illustrated for example, 
in Ref. [30]. On the one hand, both the state and the 
Duan criterium are in principle robust against loss. On 
the other hand, squeezing is known to be very hard to 
measure with lossy setups. Comparing in detail the 
necessary resolution of quadrature measurements with 
our example is work for future. 

We thank C. Fabre, J. Laurat, M. Mitchell, O. Morin, 
H. de Riedmatten, R. Thew, H. Zbinden for helpful 
comments, and we acknowledge the Swiss NFS and the 
EU project Qessence for financial support. M.S. was 
supported by MNiSW grant No. 2619/B/H03/2010/38. 

appendix We describe here how the interference vis- 
ibility V of the balanced Mach-Zehnder interferometer 
shown on Fig. 3 was measured. As explained in the main 
text, this visibility directly affects the concurrence C of 
the macroscopic entangled state that we could experi- 
mentally measure with the setup of Fig. 1 through the 
relation C > max{0,7? - 2 y/2r}(l - rj) \fer] t \a\ 2 - 2(2 - 
3r])er]t\a\ 2 }, where e = 1 — V. Determining how close 
can V be to the ideal value of 1 thus allows us to esti- 
mate how many photons the entangled state could con- 
tain (i.e. 2\a\ 2 + 1) for given a value of the measured 
concurrence C. Obviously, \a\ 2 increases with V. 

The balanced Mach-Zehnder interferometer that we 
built (see Fig. 3a of the main text) allows to determine 
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how stable could be the relative phase between modes A 
and B of the setup of Fig. 1, as well as between mode 
A (or B) and the local oscillator that is used to realize 
the displacement operation (as part of the measurement 
on the entangled state). The interferometer is built with 
bulk optics components. One arm contains a mirror that 
can be moved on sub- wavelength scale using a piezo ac- 
tuator. The interferometer's phase is probed using an 
external cavity laser diode (the locking laser), and it is 
locked to the side of an interference fringe with a feed- 
back signal on the piezo. The locking laser is widely 
tunable around 1560 nm. Thus, by slowly tuning its 
wavelength while the locking circuit is activated, we can 
continuously tune the phase of the interferometer with 
a large precision. The quality of the interference can 
be probed using another laser (the probe laser) whose 
wavelength is fixed at 1560 nm and that propagates into 
different optical modes to avoid an overlap with the lock- 
ing laser's beam. On Fig. 3b, we see the optical power 
-fmin ( m dBm) leaking through the interferometer when 
the phase is set to yield destructive interference for the 
probe laser. The system is locked to this minimum and 
is kept at this point for 10 minutes. After this, the wave- 
length of the locking laser is tuned to yield constructive 
interference with power P max for 8 minutes. The extinc- 
tion ratio is P max — -Fmin = 47.2 dB, corresponding to a 
visibility of 99.996 ± 0.001%. To obtain this near-perfect 
visibility, the path imbalance of the interferometer was 
reduced to less than 200 fim to mitigate the effect of 
non-zero spectral width of the probe laser 1 GHz). 
Also, both modes of the interferometer are polarized be- 
fore being coupled into a single-mode optical fiber (to 
implement spatial mode filtering). The maximum limit 
on the measured visibility is potentially due to a com- 
bination of imperfect mode- matching, unequal loss from 
both arms, acoustic vibrations and electrical noise in the 
feedback signal. 

Given this measured value of V, and assuming C = 
0.01, rj c = 50% and rj t = 60%, we find 2\a\ 2 + 1 w 
1500 photons. Hence, macroscopic entanglement with a 
thousand photons is within experimental reach with our 
approach, and states with 10 5 photons are foreseeable. 
This would require, in particular, the spectral width of 
the local oscillator to be stabilized to within 100 MHz or 
less (which is easily feasible with a locked laser diode), 
and to control the relative loss in both arms to within 
10~ 3 . 
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